Some of the most recent developments in reconfigurable reflectarrays using surface-mounted RF-MEMS, which have been developed at the Universidad Politécnica de Madrid, are summarized in this paper. The results include reconfigurable elements based on patches aperture-coupled to delay lines in two configurations: single elements and gathered elements which form subarrays with common phase control. The former include traditional aperture-coupled elements and a novel wideband reflectarray element which has been designed using two stacked patches. The latter are proposed as a low cost solution for reducing the number of electronic control devices as well as the manufacturing complexity of large reflectarrays. The main advantages and drawbacks of the grouping are evaluated in both pencil and shaped-beam antennas. In all the cases, the effects of the MEMS switches and their assembly circuitry are evaluated when they are used in a 2-bit phase shifter which can be extended to more bits, demonstrating that the proposed elements can be used efficiently in reconfigurable-beam reflectarrays.
Introduction
One of the main advantages of reflectarray antennas is the possibility of producing switching, scanning, or reconfiguration of the radiated beam if electronically controllable devices are included. The introduction of these elements allows the phase of the reflected field to be changed at each reflectarray cell. Several concepts have been developed to implement this kind of pattern flexibility, some of them provide a discrete phase control by using switches, such as pin diodes [1] [2] [3] or Micro-Electro-Mechanical Systems (MEMS) [4] [5] [6] [7] [8] , and other realizations provide a continuous phase control by using varactor diodes [1, [9] [10] [11] , ferroelectric materials [12] , or liquid crystal [13, 14] . Depending on the phase-control technique, the first step in the design of a reflectarray element to be used in steering or reconfigurable beam antennas is the suitable choice of the element configuration.
Reflectarray elements based on aperture-coupled patches using a microstrip delay line to control the phase of the reflected field [15] , like that shown in Figure 1 have demonstrated a significant improvement in the bandwidth of large fixed-beam reflectarrays [16] , through the introduction of true-time delay (TTD) which compensates the effects of the differential spatial phase delay [17] . These elements have also been used to produce shaped-beams, like those required by Local Multipoint Distribution System (LMDS) base stations [18] . The element consists of a square patch which is coupled to a variable length microstrip line using a rectangular slot. If the metallization dimensions are well adjusted, a phase response proportional to twice the length of the delay line can be achieved with very linear phase-delay within a range greater than 360
• . This range is only limited by the room available on the cell to increase the microstrip line.
The aperture-coupled elements offer several advantages besides those related to the aforementioned TTD, such as low losses, low cross polarization levels, and the possibility of implementing electronic devices which allow the phase to be controlled in reconfigurable antennas [1, 7, 8, 10, 11] . Two major benefits are the isolation of the radiating elements from the phase control network and phase-shifters because they are on opposite sides of the ground plane, as well as the possibility of gathering two adjacent elements to form a subarray with the aim of reducing both the number of control elements and manufacturing complexity [19] , especially in large reflectarrays.
The proposed reflectarray element allows the phase of the reflected field to be controlled by modifying the electrical length of the phase delay. This can be done by dividing the microstrip into different segments which can be connected in series using electronic devices. MEMS switches offer attractive advantages because of their practically null power consumption, very high isolation, low insertion loss, total independence between DC and RF signals, and high level of integration because they can be monolithically implemented in the delay-line wafer [4, 7] . However, this monolithically integration is not economically affordable in X-band antennas requiring the use of other alternatives for the manufacturing. One possibility is the use of surface-mounted MEMS which can be connected to the microstrip lines by means of a standard wire bonding process [8] .
In the following sections the aperture-coupled reflectarray element is shown as a well-situated solution to implementing reconfigurable-beam antennas using surfacemounted MEMS. Three practical cases are presented at 10.40 GHz: single elements, gathered elements, and a wideband single element obtained by stacking two patches.
Reconfigurable Element Based on
Surface-Mounted Devices [20] have been used. These MEMS switches are implemented in a 50 Ω coplanar waveguide (CPW) with a gap in the signal conductor and a silicon nitride fixed-fixed membrane with a patterned metallic contact in the centre [21, 22] . This contact gives continuity to the signal line of the CPW when a DC voltage is applied between two symmetric electrodes and the ground plane. The devices have been supplied as individual dice after the wafer cutting, with side dimensions of around 800 μm and 80 μm for the pad width. These dimensions combined with the fact that the dielectric substrate which will contain the MEMS is very thin make the use of long gold wires necessary for the bonding which introduces inductive effects and an inherent phase-shift which must be taken into account.
The proposed electronically controllable element can be analysed using a cascading technique, as shown in Figure 2 . With a full wave approach using CST Microwave Studio [23] , the two-port scattering matrix of the fixed phase reflectarray element is obtained under local periodicity conditions. In this case, the first port refers to the top surface of the upper dielectric, while the second port refers to the end of a microstrip line. The reflection coefficient in the free space of the reconfigurable element is obtained by loading the first port with the intrinsic impedance of air and the second port with the impedance which represents the MEMS assembly plus a microstrip segment which can be open ended or connected to another MEMS assembly. The MEMS assembly which includes the MEMS device and the wire bonding lines is obtained through an equivalent circuit, which has been deduced and demonstrated in [8] . Depending on the voltage applied to the switch, the MEMS contact can be modelled as a series resistance or a capacitance. For the particular case of the MEMS used in this work, these values are, respectively, R s = 2.15 Ω and C up = 1 f F.
Prior to the reconfigurable element analysis, the design of the passive element must be carried out. The proposed single element has been designed using a local periodicity approach with a period of 18.5 mm × 18.5 mm, which means 0.64 λ at 10.40 GHz. The period has been chosen as a tradeoff in order to allow more room for long delay lines, for the control devices and their associated DC lines, on one side, and to avoid the appearance of grating lobes, on the other side. For a whole reflectarray, the grating lobes will appear for incidence angles greater than 34
• . The square patches are 9.1 × 9.1 mm 2 , the slot 7.0 × 1.4 mm 2 , and the delay line width 0.388 mm (70 Ω). This impedance has been chosen with the aim of improving the matching between the microstrip line and the MEMS assembly, taking into account that the 25 μm of the gold wires present high impedance, in the order of 200 Ω. With the aim of obtaining a very linear phase curve of the reflection coefficient as a function of the length of the line, the matching stub of the element has been fixed to 1.90 mm, measured from the centre of the slot. The main features of the dielectric substrates are shown in Table 1 . Figure 3 shows the reflection coefficient in free space for the passive element as a function of the line length. The losses of the element are around 0.25 dB at the central frequency. A practically linear phase delay is obtained in a bandwidth of more than 10%, with a phase range of at least 2 cycles of 360
• .
International Journal of Antennas and Propagation This phase range is only limited by the cell room and can be easily incremented by bending the delay line to form an L or a U shape as in [15] . Once the passive element has been designed, the effects of connecting the MEMS devices can be evaluated. Here, it is important to note that, depending on the application, the proposed element can be tuned to any phase value (switching beam) or to certain discrete values (reconfigurable beam). Here, the element has been evaluated as a 2-bit phase shifter which allows 4 states to be produced equally separated by 90
• , but can be extended to more states by increasing the number of switches which are connected to the delay line. The amplitude of the reflection coefficient for the 4 states as well as for the passive element is shown in Figure 4 (a), in the frequency band from 9.4 GHz to 11.40 GHz which is the band in which the MEMS assembly has been previously characterized and validated [8] . The losses of the element are mainly produced by the Z s which is presented between the contact in the membrane and the CPW when the switch is in the ON position and by the mismatch produced between the microstrip and the wire bonding which has more impact as the bonding wires are longer. These large wires are also responsible for the inherent phase-delay introduced by the MEMS assembly, which is around 60
• when the MEMS is in the OFF position and 120
• when the MEMS is ON. Phase values lower than these can be achieved by introducing an extra 360
• cycle. The phase response of the element is shown in Figure 4(b) . If the phase variation between adjacent states is limited to +30
• , which is a very acceptable value for a 2-bit phase-shifter, the proposed reflectarray element provides a 10% bandwidth, as can be seen in Figure 4 (c).
Reconfigurable Gathered Elements Based on Patches, Aperture-Coupled to Delay Lines.
Large reflectarrays with reconfigurable beams can require hundreds or thousands of electronic devices with their associated DC lines to control the phase of the reflected field at each element. This means a significant increase in the cost of the antenna as well as the manufacturing complexity. The number of control devices can be drastically reduced if sparse elements are used [24] . However the reflection produced by the ground plane in the zones between the elements makes the design of the reflectarray antenna difficult. Another alternative is the grouping together of two or more neighbouring elements to form a subarray [19, 25] . Because of the independence between the radiating face and the phase-shifting device, the proposed aperture-coupled element allows two or more elements to be controlled with the same delay line without a significant degradation in the reflectarray performance. Figure 5 shows the expanded view of a gathered reflectarray element where two aperture-coupled patches are controlled by the same delay line. It should be noted that, for the design of the gathered element, first a single-element must be designed in order to obtain a reflection coefficient with low losses and a very linear phase response, proportional to twice the length of the delay line, as in Section 2.1. The second step is to design a microstrip circuit (T-junction, quarter of wavelength transformers, bends and delay line) in order to joint two adjacent elements. The two elements are gathered using the previously designed microstrip circuit and a small readjustment of the individual elements must be performed in order to compensate the effects introduced by the grouping and therefore to keep the linear phase response.
As expected, the gathering of the elements in pairs will change the response of the reflected field by two factors. Firstly, the phase required to produce the desired beam, which depends on the radiation pattern, the feed and elements position, is limited in resolution. This means that the phase delay that must be provided by the two adjacent elements, controlled by the same delay line, must be adjusted to the value that introduces the lower phase error (quantization error) with respect to the original phase which was synthesized for the two single elements. An increase in the grating lobes level will also be produced because the period of the sub-array is greater than the wavelength. This second factor can have more impact on the antenna performance. The undesired grating lobes can be drastically reduced or even eliminated if the gathering is carried out using irregular lattices [26, 27] . The effects of the grouping have been evaluated for both cases: pencil-and shaped-beam reflectarrays with the features shown in Table 2 , using ideal elements. In the two cases different lattices for the gathering have been analysed as can be seen in Figure 6 . The first lattice corresponds to the original antenna, where the elements have not been grouped together conserving all the required phase values and the original cell period. The second lattice corresponds to a grouping along the x-axis, while in the third lattice the grouping has been carried out along the y-axis. Finally, the fourth lattice called an irregular lattice corresponds to a nonregular combination of elements grouped together along both the x-axis and the y-axis breaking the period of the lattice along the main planes. For the case of a pencil-beam reflectarray radiating in certain direction defined by the angles (θ, ϕ) in spherical coordinates, the impact of the grating lobes will be greater as θ increases. As an example, the case of a circular reflectarray antenna radiates a beam towards 11
• in a switching plane which is tilted at 18.3
• in respect the horizon. The radiation patterns associated to the corresponding phase distributions obtained with the aforementioned lattices have been computed in directivity, by dividing by the total power radiated by the feed, and including the spillover losses, that is without taking into account the losses of the elements since the objective here is to evaluate the impact of the gathering for each lattice. The feed horn has been modelled as a cos q function, being q = 10, at the central frequency of 10.40 GHz. Figure 7 shows the three-dimensional radiation patterns for the respective cases in the u-v coordinates, where u = sin θ cos ϕ and v = sin θ sin ϕ. For the reference pattern, which is the pattern without any grouping and therefore compensating the phase at each individual element, there are no grating lobes and the directivity is 28.4 dB. For the reflectarray with gathered elements in the x-direction, the grating lobes appear in the elevation plane, while in the case of gathered elements in the y-direction the grating lobes appear in the azimuth plane and can eventually cause interference. For these cases the directivity values are 27.71 and 27.18, respectively. Finally, in the non-regular lattice the grating lobes are produced in a region furthest from the main lobe with a very small width.
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In the second example, a shaped-beam reflectarray has been designed to produce a square cosecant beam in the elevation plane tilted by 30
• and a 30
• sector beam deviated 15
• with respect to the antenna boresight. The radiation patterns for this antenna have also been obtained in directivity, using the different lattices for the grouping together of the elements. Figure 8 shows the 3-D radiation patterns also in the u-v coordinates. As expected, there are no grating lobes for the case without grouping. In the antenna with gathered elements along the x-axis, the grating lobes appear in the elevation plane with levels of only 5 dB below the main beam, which is an inadmissible value for the majority of the applications. For the antenna with gathered elements along the y-axis, a grating lobe appears in the azimuth plane with a level of 7 dB below the main lobe. As in the previous case, this lobe must be eliminated or drastically reduced. Finally, by using an irregular lattice which breaks the periodicity of the grouping, the grating lobe is practically eliminated. In all of the cases, the directivity values are greater than 16.25 dB, fulfilling with the required specifications for this particular case.
Once the impact of grouping two adjacent elements together with a common control has been evaluated, a reconfigurable gathered element is presented. As in the case of a reconfigurable simple element, the first step is to design a passive element which will be connected to the phase control network. The modelling approach of Figure 2 is also valid if the scattering matrix of the gathered element is used in the place of the single element scattering matrix. The dielectric materials are the same as in the case of a single element, but the dimensions of the element have been updated as follows in order to keep the linearity of the phase response. The size of the sub-array is 36 mm × 18 mm, which means 1.24 λ × 0.62 λ, at the designing frequency of 10.40 GHz. As can be observed, the period of the single element (18.5 mm) has been slightly reduced (18.0 mm). The side of the square patches is 9.1 mm and the rectangular slots are 8.9 mm × 1 mm. In this case the width of the microstrip line is also 0.39 to obtain a 70 Ω characteristic impedance. The matching stub length is 1.87 mm, measured from the centre of the slot. Figure 9 shows the reflection coefficient in free space of the proposed sub-array as a function of the line length in the band from 9.40 GHz to 11.40 GHz. The average losses at the central frequency of 10.40 GHz are 0.35 dB which is slightly greater than that of a single element. At extreme frequencies the losses increase as a result of the gathering. The frequency curves remain very linear from 9.4 GHz to 10.40 GHz, with an increase in the slope at the higher frequencies which was expected as a result of the effects introduced by the T-junction and the impedance transformers required in the element grouping.
Note that the reflection coefficient for each sub-array formed by two gathered elements has been computed using a local-periodicity approach (Floquet's conditions). This approach gives very accurate results in this kind of element because independently on the lattice (along x, along y or irregular), all the elements are exactly equal in the patches and slots layers. The only difference between neighbouring elements is found in the microstrip lines layer. The mutual coupling between elements is more important in the slots and patches layer, while in the delay line layer (which is the layer which changes for each kind of lattice) the coupling is negligible.
As in the case of a single element, the results for a 2-bit reflectarray element are shown, but now with gathering elements. This means that one half of the required MEMS and their associated DC network can be saved, with a significant reduction in the cost and the manufacturing complexity of large reflectarrays, and without any significant change in the performance of the element. Figure 10 shows the amplitude and phase of the reflection coefficient for the 2-bit element as a function of the frequency. The average losses of the four states for the phase-controllable gathered elements are 2.84 dB, at the central frequency. As can be seen, the losses are not proportional to the number of switches because they also depend on the standing wave produced by the openended delay line and by the mismatch between the microstrip and the MEMS assembly. An almost linear phase response with the frequency can be observed at certain frequencies from the phase curves, giving rise to a True-Time Delay behaviour. Considering a phase error of ±30
• , which is a very restrictive value for a 2-bit phase-shifter, the bandwidth of the elements is 10% (from 9.50 GHz to 10.60 GHz).
Wideband Reconfigurable Single Element Based on Two
Stacked Patches, Aperture-Coupled to Delay Lines. A passive reflectarray element with more than 30% of bandwidth to be used in reconfigurable-beam antennas has been designed using the same configuration of aperture-coupled elements, but by adding an additional patch to enlarge the bandwidth as typically done in the case of elements printed arrays with stacked patches [28] . The proposed element is shown in Figure 11 . As in previous cases, the element has been designed using a local periodicity approach with a period of 18.5 mm × 18.5, (0.64 λ × 0.64 λ), at 10.40 GHz. The square patches are 8.9 × 8.9 mm 2 and 6.23 × 6.23 mm 2 (upper patch = 0.7 × lower patch), the slot 7.35 × 1.5 mm 2 and the delay line width 0.388 mm (70 Ω). In this case, the matching stub has been fixed at 1.55 mm, measured from the centre of the slot. The dielectric materials are the same as in Table 1 . The additional materials have been defined as d5 = d3 and d6 = d4. Figure 12 shows the reflection coefficient in free-space for the wideband element as a function of the delay line length for different frequencies. As can be seen, this element provides a practically linear phase delay in all of the analysed frequencies within a 30% bandwidth. If three MEMS are assembled along the delay line to forming a 2-bit phase shifter, the losses are much more stable in practically the entire band, compared with the original single-patch reflectarray element. The phase variations between adjacent states are also smaller than in the case of the single element with only one patch. In fact, the ±30
• variation is fulfilled in practically the whole band. The amplitude, phase and phase variation between adjacent states can be seen in Figure 13 . A tradeoff between the manufacturing difficulties generated by the need for the second stacked patch and the bandwidth requirements of each specific application must be made before deciding to use a single element with one patch or a single element with two stacked patches. It is clear that for the gathered element it is also possible to include an additional patch in order to increase the bandwidth. However it is also necessary to take into account the band limitations introduced by the T-junction and the impedance transformers which are needed in the case of a sub-array.
Conclusions
The feasibility of implementing surface-mounted MEMS switches in aperture-coupled reflectarray elements has been demonstrated in three cases: single elements, gathered elements, and a wideband single element with stacked patches. In all the cases, the effect of the MEMS assembly which includes wire bonding has been considered in the analysis.
The number of MEMS as well as their control network can be reduced through the grouping of adjacent reflectarray elements in pairs with a significant reduction in the cost and manufacturing complexity. The main drawback of the proposed gathering is the generation of grating lobes in the grouping direction, but its impact can be easily reduced by using irregular lattices.
Finally, the average losses of the elements can be drastically improved by reducing the series resistance of the MEMS switches to values of around 0.15 Ω as well as reducing the mismatch between the microstrip lines and the bonding wires by manufacturing thinner MEMS devices. These are two technological issues on which the MEMS' manufacturer is working.
